INTRODUCTION
============

In his autobiography, biologist Charles Darwin wrote: "I have deeply regretted that I did not proceed far enough at least to understand something of the great leading principles of mathematics, for men thus endowed seem to have an extra sense" (Darwin, [@B13]). Modern biology requires an ever-increasing set of computational and statistical skills. Thus, Darwin\'s sentiment finds resonance not only among modern science educators (Kilpatrick *et al.*, [@B20]; Richland *et al.*, [@B29]), but also with future employers and funding agencies, which have introduced programs specifically to support education at the interface between biology and mathematics (National Science Foundation, [@B26]).

Different strategies have been proposed that educators and institutions could use to increase the mathematical ability of biology students. These strategies include a greater integration of hands-on mathematical problems into science classes (National Research Council \[NRC\], [@B25], Hodgson *et al.*, [@B16]), the use of more biological examples in traditional mathematics courses (NRC, [@B25]; Robeva and Laubenbacher, [@B30]), the development of introductory biology textbooks that use quantitative problems or computational exercises (Jungck, [@B18]), joint teaching of existing courses by faculty from biology and mathematics (Katz, [@B19]), and the development of entirely new curricula, integrating rigorous coursework between biology and mathematics (Bialek and Botstein, [@B7]).

Arguably, the quickest way to increase the mathematical ability of biology students might be to require more math coursework from biology students or to simply add computations and mathematical applications to existing biology classes. Requiring more course work in mathematics is often not feasible due to limits on the total number of compulsory courses for any major in undergraduate college programs (Ares, [@B2]). Moreover, although the approach of adding more mathematical computations into existing biology courses is comparatively straightforward and cost effective, there are also potential problems associated with this strategy. For example, some biology instructors worry that too much disciplinary material would have to be sacrificed to accommodate the greater inclusion of mathematics (Gross, [@B15]), or that instruction in mathematical skills, in addition to the typical workload, could become overwhelming for the students (Brent, [@B10]).

Much of the focus of the last decade in this discussion has been to develop new integrative tools that would help students both learn quantitative skills and directly apply them to the material covered in science classes. Assessments of such learning tools have focused on determining if including a quantitative component leads to an increase in the quantitative ability of their students. In fact, many studies have demonstrated that integrating more mathematics, bioinformatics, or statistics into biology coursework can lead to an increase in the students' quantitative or analytical ability (Campbell *et al.*, [@B12]; Metz, [@B24]; Arnett and Van Horn, [@B3]; McEwen *et al.*, [@B22]; Pursell, [@B28]). By contrast, comparatively less attention has been directed toward testing how integrating mathematics into the biology curriculum affects students' comprehension of the biological concepts underlying the mathematical examples. Our interest in this question stemmed from a mixed lecture and assignment-based learning module we had developed that was designed to integrate concepts of basic statistics into a unit focusing on modern genetic and biotechnological tools (Bremer *et al.*, [@B9]). The goal of the module was to demonstrate to students that learning statistics is vital for biologists and that modern biological techniques are increasingly dependent on mathematical tools. We were concerned that introducing quantitative concepts in an introductory biology class could also have adverse affects. For example, did including a substantial introduction to mathematical probabilities in the unit negatively affect our students' ability to learn the biological principles and/or hamper their ability to interpret mathematical and statistical results in a biological framework? Even if such a unit increased the ability of our students to perform computations, the possibility of negative effects on the ability to interpret statistical results in a biological context may make faculty less likely to invest the time and effort in increasing the quantitative components of courses.

The notion that integrating a substantial amount of computation into a traditional biology class could negatively affect a student\'s ability to apply mathematical and statistical results to biological concepts is not without basis. For example, simply the fear of having to do mathematical calculations, known to school psychologists as math anxiety, is a real problem for many students (Tobias, [@B33]; Bessant, [@B6]; Ashcraft, [@B4]), and could lead to adverse learning results. Math anxiety not only could hinder students' progress in learning the quantitative tools added to the biology curriculum, but also could cause students to perform poorly in sections of the class in which they might otherwise have excelled. Unless math anxiety can be overcome with practice or through intervention (Iossi, [@B17]), this anxiety could potentially lead to a loss of interest or self-confidence and may cause students to abandon a career in the life sciences or any field requiring mathematical aptitude or analysis (Ashcraft and Krause, [@B5]). Math anxiety is widespread, as evidenced by studies in which as many as 85% of students in introductory math classes reported to have at least mild math anxiety (Perry, [@B27]). Given these findings and our own anecdotal experience, we wondered if anxiety about quantitative work could also lead students to 1) focus so much on correctly performing the statistical and mathematical calculations that they lose sight of why they are performing the calculations in the first place, and 2) fail to realize that, within the context of biology, mathematics and statistics are simply tools used to gain a deeper understanding of the biology, and not an end in themselves.

In the present study, we assessed how the increased use of mathematics and statistics during a class unit on microarray technology affects student learning. Over the past decade, the use of microarrays has become widespread in many areas of biological research ranging from physiological ecology to genetics to medicine. The utility of microarrays rests with the fact that they enable researchers to investigate the activity of thousands of genes in a single experiment. Because analyzing such a large data set requires quantitative skills, this topic provides an excellent vehicle with which to integrate statistical tools and biological concepts in a meaningful context. Using this topic as a way to introduce statistical comparison of means was even more important in light of the fact that BIOL 111, the first course in a two-semester introductory biology sequence, does not otherwise introduce students to statistical tools during its other course topics. Moreover, the widespread use of microarrays in both medicine and basic research should help capture and hold the interest of beginning and advanced students. Specifically, we wanted to test what impact integrating mathematical and statistical techniques into biology curricula has on the ability of students to 1) learn biological concepts that could be taught with or without the introduction of computational skills, and 2) understand the biological relevance of statistical results. To this end, we developed two versions of our learning module (Bremer *et al.,* [@B9]), both of which familiarized students with the use of microarrays in biological research. The module consisted of two lectures and associated assignments. The first lecture was about microarray technology and introduced examples of applications of the technique in biological experiments. The second lecture contained a statistical component, which was intended to help students understand microarray data analysis and to introduce them to a suite of statistical terms and tests relevant to all biological disciplines. To test the hypothesis that additional mathematical computation tasks would decrease overall student learning in a biology class, we designed two customized versions of this module. One version required computing statistical measures, whereas the other required interpreting statistics in the context of biological applications.

When designing our study, we realized that the impact of overlaying a substantial amount of computational work onto biological instruction might differ between beginning and advanced students. In this context, we reasoned that students in advanced biology classes are likely to have not only more background in biology, mathematics, and statistics, but also a greater confidence in their academic abilities than are students in introductory classes. This difference could render more advanced students less vulnerable to any negative effects. Indeed, a study focusing on students' anxiety about learning statistics showed a correlation between class level and anxiety (Sutarso, [@B32]). Additional studies showed that students with more experience in mathematics generally had a more positive attitude toward quantitative subjects, such as statistics (Perney and Ravid, [@B26a]; Brown and Brown [@B8a]; Mills, [@B23]), and that students who had experienced the need of quantitative tools in their particular field of study showed a greater overall interest in learning more about them (Evans, [@B14]). In light of these findings, we hypothesized that the effect of additional math on student performance in biology courses depends on the students' class standing, with beginning students being less able to handle extra math assignments and more advanced students being better able to handle interdisciplinary aspects of the class. To test our hypotheses, we chose two different classes as our study systems: an introductory biology class serving mostly freshmen and sophomores, and an advanced biology class taken only by juniors and seniors.

METHODS
=======

The courses used in this study were taught at the University of Puget Sound, WA. The University of Puget Sound is a small, private, 4-yr liberal arts college located in suburban Tacoma. Average student enrollment is approximately 2600. The module discussed in this study was administered in all sections of both courses by the same professor (A. M.).

Learning Module for an Introductory Biology Course
--------------------------------------------------

Students in an introductory biology course (BIOL 111, Unity of Life) served as the study population for addressing our research question on first-year biology students. BIOL 111 is designed for students majoring in biology and is taken by both majors and some nonmajors, either as a service course for other majors (e.g., Psychology) or to fulfill the university\'s Natural World core requirement. This course is commonly taken in a student\'s first semester at Puget Sound and familiarizes students with biomolecules, cells, major metabolic pathways, and genetics. It is also the biology class that students with Advanced Placement Biology credit or International Baccalaureate credit may omit. Importantly for the present study, this course traditionally has not introduced students to any statistical or mathematical concepts. Five sections of this course are taught annually in both fall and spring semesters with approximately 40 students in each section. In the present study, the module was administered to students in four separate sections of this course over three consecutive years from 2007 to 2009. Sample sizes for the four sections were 42, 39, 36, and 42, yielding a combined sample size of 159. All sections of this course used the same laboratories, had roughly the same lecture schedule, used the same textbook, and were generally homogeneous in student preparation and performance, as evidenced by comparable overall course grade averages in BIOL 111 (data not shown). An informal poll revealed that one upper-level student had previously taken statistics, so this student was excluded from the analysis. We believe that any additional differences in prior exposure to statistics that may have existed in our study population should have little bearing on our results because our assessment of outcomes (later in this article) focused on a student\'s ability to use specific statistical results to interpret biological data and not on a general ability to perform statistical tests.

The module started with two consecutive 50-min lectures designed to impart a suite of concepts ranging from biology to statistics (summarized in [Table 1](#T1){ref-type="table"}). The first lecture focused on biological and biostatistical concepts and facts associated with microarrays. The lecture started with a slide presentation that introduced students to the biological concepts underlying how biologists use the technique of hybridization to identify genes or their transcripts. Following this, the instructor introduced the concept of experimental design and then led a discussion on the difference between technical and biological replications. The lecture concluded with a Web-based animation of the microarray technique (Campbell, [@B11]) and a detailed description of the procedures involved in performing RNA isolation and microarray hybridization. The second lecture focused on the mathematics and statistics involved in analyzing microarray data. The lecture opened with an introduction to relevant statistical terms, including standard deviation and the null hypothesis. Following this introduction, the instructor explained the use of *t* tests, including the interpretation of test statistics and *p* values. The lecture concluded with an explanation of the utility of the Bonferroni multiple testing correction method.

###### 

Examples of key learning objectives for the microarray modules assessed in this study

                                                                                                                                                                                       Emphasized in   Emphasized in active
  -------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------- --------------- ----------------------
  Biological concepts                                      Experimental design                                                                                                         Yes             Yes
                                                           Understanding the concept of gene expression changes versus complete gene silencing in response to experimental treatment   Yes             Yes
                                                           Understanding the biology underlying hybridization techniques                                                               Yes             Yes
                                                           Understanding the biological basis of nonspecific background noise in experimental data                                     Yes             Yes
  Biostatistical concepts and data interpretation skills   Interpreting the value of normalized versus absolute data                                                                   Yes             Yes
                                                           Interpreting the biological significance of *p* values derived from Student *t* tests                                       Yes             Yes
                                                           Understanding the importance of replication and distinguishing between biological and technical replications                Yes             Yes
                                                           Understanding the importance of nonspecific background noise in analyzing experimental data                                 Yes             Yes
  Mathematical and statistical computation skills          Calculating standard deviations from small data sets using a basic calculator only                                          No              Yes
                                                           Calculating *t* values in Student *t* tests using a basic calculator only                                                   No              Yes
                                                           Calculating *p* values using tables and Excel software                                                                      No              Yes
                                                           Stating null and alternative hypotheses in a statistics problem                                                             No              Yes

^a^ These versions pertain to the treatment groups in the first-year biology course. All concepts were emphasized in the module administered to students in the advanced class. See *Methods* section for further explanation.

At the end of the second lecture, students were randomly divided into two groups. Students in both groups were given a packet containing a detailed handout of the lecture material and one of two versions of a take-home assignment that differed in whether or not computational tasks had to be performed. One version focused on the broader biological concepts and uses of microarrays and how statistics are used to analyze and interpret microarray data. Students receiving this version were asked a series of questions throughout the exercise (see [Figure 1A](#F1){ref-type="fig"} for examples) but were not asked to perform any mathematical computations. Learning outcomes for this packet included the interpretation of statistical test results and knowledge of important terms for data analysis. Here, we term this version the "passive math" version because the students did not perform any of the mathematical calculations related to the statistical tests. The second version of the exercise, termed the "active math" version, was identical in content to the passive math version except that the accompanying questions included a series of hands-on computational tasks in addition to questions related to the interpretation of biostatistics in the context of microarray experimentation. All computations were related to analyzing microarray data, and included the calculation of log-ratios and standard deviations, normalization of data, and the application of a *t* test, which the students performed using a simple handheld calculator (see [Figure 1B](#F1){ref-type="fig"} for examples). Although the assignments were similar in overall length and took the instructor approximately the same amount of time to complete, it is possible that the active math version took students longer and required more active engagement with the material than did the passive math version because of the need to perform statistical calculations. Take-home assignments were collected and graded for effort and completeness. We did not grade for mathematical accuracy because this could apply only to the assignment for the active math group. Based on the grades earned on the take-home assignments, students in both groups performed comparably on their respective homework (these data were not further evaluated for this study).

![Examples of exercise and assessment material from the introductory biology microarray learning module. (A) Exercise questions related to statistical decision making from the passive math version, and (B) the corresponding active math version of the module. Assessment questions related to this material are provided in (C). All students received the same set of assessment questions. Complete classroom material and the assessment tools can be found at [www.polyploidy.org/index.php/Microarray_analysis](http://www.polyploidy.org/index.php/Microarray_analysis).](43fig1){#F1}

We then used two sets of questions to assess whether adding computational tasks led to differences in the students' ability to answer questions relating to data interpretation within the biological framework of the unit. Importantly, these questions did not ask students to perform any computations, focusing instead on how statistics are used to interpret microarray data to uncover the biological meaning of the results. This approach was chosen for two reasons. First, the main objective of our study was to determine if performing computations would hamper the ability of the active math students to understand the underlying statistical concepts as they pertain to a biological question, as opposed to, for example, simply understanding the meaning of various statistical terms. Second, it would have been unreasonable to assess the passive math group on computational skills that they did not learn. The first set of assessment questions was administered as a stand-alone quiz 3--5 d after completion of the take-home assignment. The second set of questions was embedded within a comprehensive final examination, which was given 5--9 d after the quiz, depending on the final examination schedule. This second set of questions was included in the study to assess if the two groups differed in retention of information when it was presented as part of a larger body of material encompassing multiple areas of biology. Both sets of assessment questions contained five "circle all that apply" problems, each with five possible choices, effectively resulting in 25 true/false questions. [Figure 1C](#F1){ref-type="fig"} provides an example of quiz questions related to the material presented in [Figure 1](#F1){ref-type="fig"}, A and B. Other components on the final examination varied in each class from year to year, and performance on those aspects was not analyzed with respect to performance on the questions that were part of the module. In all cases, however, final examination grades followed a normal distribution as they did for years before the statistics module was introduced.

Learning Module for an Advanced Biology Course
----------------------------------------------

Students in a Plant Molecular Biology and Physiology course (BIOL 332) served as our advanced student population. This course was taught annually in spring semesters by the same faculty member (A.M.) and each had an enrollment of 7--12 students per year. No student enrolled in the advanced course in which the module was administered had participated in the module in the introductory course. All students in the advanced course were Biology majors and had completed at least 1 yr of course work in chemistry and 2 yr in biology. Additionally, all students were likely to have taken at least one semester of mathematics, and most had taken a statistics-intensive ecology class (BIOL 211; see later in this article).

The module for advanced students was implemented as part of a 4-wk-long unit that included hands-on microarray work in the laboratory portion of the course. The module was introduced at the end of the 4-wk-long microarray lab, approximately10 wk after the start of the semester. Data included in this study came from three offerings of the course, taught over three consecutive years from 2007 to 2009. The final course grades for the three offerings were comparable (data not shown), suggesting that there was no systematic difference in the students comprising each section, enabling us to pool the data for a final sample size of 27 students. Of these 27 students, 93% had taken a course in ecology (BIOL 211), which provided them with previous instruction in using statistics to analyze biological data.

We made a few minor adjustments to the module developed for first-year students described previously to make it appropriate for a smaller class of advanced biology students. The first modification concerned the time when the module was administered during the course. The module was administered to advanced students following several weeks of molecular biology instruction, and after they had gained some wet-lab experience in microarray work. The second modification was necessitated by the smaller number of total students in the advanced course as compared with the introductory course. Whereas we were able to make side-by-side comparisons between control and experimental groups in the introductory course, the small sample size in the advanced course restricted us to a pre- and posttreatment experimental design. Although this experimental design enabled us to gauge the effectiveness of the assignment in enhancing understanding, it precluded us from assessing differences between a treatment and control group. Finally, to ensure the largest possible sample size, the statistics assignment was administered to advanced students as a computer exercise during the regularly scheduled lab section of the course, instead of as a take-home assignment as was the case for the introductory students. Students downloaded the worksheets and instructions on individual laptops and worked independently in class. The professor intervened only as needed to help with the downloading, to clarify the written instructions, and to collect the completed exercise at the end of the class. Importantly, even though the exercise was administered in class rather than as a take-home assignment, it was not an instructor-led exercise; students worked as independently as they would have if it had been a take-home assignment. [Figure 2A](#F2){ref-type="fig"} shows a portion of this exercise.

![Example from the microarray learning module for the advanced students in the Plant Molecular Biology and Physiology course. The problem shown in panel (A) parallels that shown in [Figure 1](#F1){ref-type="fig"}, A and B, for first-year biology students. The corresponding assessment questions are shown in (B). Complete classroom material can be fo- und at [www.polyploidy.org/index.php/ Microarray_analysis](http://www.polyploidy.org/index.php/Microarray_analysis).](43fig2){#F2}

Implementation of the learning module began after the microarray wet-lab with two lectures, the first of which focused on biological concepts and facts whereas the second focused on mathematics and statistics. The general learning objectives were comparable to those for first-year students ([Table 1](#T1){ref-type="table"}). Although the presentations were initially the same for both student populations, we were able to present the concepts of *p* values and standard deviations as a review to the advanced group. Building on previous knowledge allowed extra time at the end of the presentation to discuss issues of multiple testing, including tests, such as the Bonferroni correction and False Discovery Rate adjustment. Within 1--2 d following the second lecture, students were given a set of questions in the form of a stand-alone quiz designed to assess their understanding of the lecture material. The quiz contained seven "circle all that apply" problems, each with five possible choices, effectively resulting in 35 true/false questions (see [Figure 2B](#F2){ref-type="fig"} for examples).

Following the preassignment quiz, students obtained experience with the quantitative aspect of the lecture material during the computer laboratory session. The laboratory assignment consisted of two Excel files containing small, simulated microarray data sets as well as a set of instructions guiding the students through the computational and statistical analysis of the data. We chose to use Excel as a platform for these exercises because of its relative ease and because by the time students enroll in advanced biology courses they will be proficient in using it for data analysis. The ubiquity of Excel also makes distribution of these data sets via our website convenient for colleagues who might want to use the module in their own courses. All students finished the exercise and turned in their completed answer sheets within the 4-h lab period.

To assess if the laboratory portion of the module led to significant gains in students' understanding of how statistical tools are applied to fully realize the biological meaning and implications of microarray data that were previously presented in the lecture portion of the course, we administered a set of postlaboratory assessment questions. The number and format of these questions were identical to those of the prelaboratory assessment questions, but they were embedded in a comprehensive final examination rather than given as a stand-alone quiz. The final examination was held 2--3 wk after the computer lab.

Complete classroom materials for both courses along with the assessment tools can be found at [www.polyploidy.org/ index.php/Microarray_analysis](http://www.polyploidy.org/index.php/Microarray_analysis) (last updated January 2010).

Experimental Design and Statistical Analysis of Assessment Questions
--------------------------------------------------------------------

We hypothesized that adding mathematical computational tasks to an exercise in a biology class would negatively impact the ability of students to understand and interpret data in a biological context. The experimental design for students enrolled in a first-year biology course consisted of a side-by-side comparison of two groups: The active math group was assigned additional computations within the framework of an assignment given to the passive math (control) group, which did not perform computations. We administered two sets of assessment questions (a stand-alone quiz and a set of questions embedded within the final examination) to all students. Importantly, these questions were based on material common to both assignments. We used independent sample *t* tests to compare scores of the passive math and active math groups on our assessment questions. These between-group comparisons were made individually for each of the four sections of this course and then again after combining the scores for all sections. We then used paired *t* tests to compare the scores on the quiz and the final examination questions, first within individual sections of the course and then for all sections combined. The data of the only upper-level student taking the introductory course for university core credit and who had, to our knowledge, taken statistics previously were excluded from the analysis.

Analysis of learning outcomes in the advanced class necessarily differed from that of the first-year class because of the differences in experimental design due to the much smaller class sizes described previously. To determine if the computational and statistical assignment had any significant effect on the students' understanding of the biological material, we compared scores of the pre- and postlaboratory quizzes using a paired *t* test. As with the first-year course, we compared the scores within each of the three individual sections, and then again after combining the scores of all sections.

For all analyses, significance was determined at the 0.05 level using SPSS 13.0 (SPSS Inc., Chicago, IL) or Excel (Microsoft, Redmond, WA) software. For both courses, only scores from students who had participated in all aspects of the module were included in the analysis. Scores from any student who missed any lecture, quiz, or homework assignment were omitted.

RESULTS
=======

First-Year Student Performance
------------------------------

Results for first-year students enrolled in an introductory biology course showed no significant difference between how well the passive math group and the active math group performed on the first set of assessment questions that was presented as a stand-alone quiz. This result held when each of the four sections was examined individually ([Table 2](#T2){ref-type="table"}) and when the data were pooled ([Figure 3](#F3){ref-type="fig"}; unpaired *t* tests, *p* \> 0.05 for all). We also compared the scores of the two groups on the second set of questions that were embedded in their comprehensive final examination. Again, the passive math group and the active math group performed equally well on these questions ([Table 2](#T2){ref-type="table"}, [Figure 3](#F3){ref-type="fig"}; unpaired *t* tests, *p* \> 0.05). Taken together, these results indicate that both groups understood equally well the meaning of the statistical results in the context of the biological concepts presented in the unit, even though the take-home assignment of the active math group emphasized quantitative tasks as opposed to passive interpretation of the results.

###### 

Student scores (% ± SD) on assessment questions related to a microarray learning module for first-year students

           Stand-alone quiz questions^a^   Embedded final examination questions^b^                 
  -------- ------------------------------- ----------------------------------------- ------------- -------------
  1 (42)   82.8 ± 9.6                      82.0 ± 10.4                               72.0 ± 11.6   76.0 ± 10.6
  2 (39)   76.8 ± 12.0                     76.0 ± 10.9                               67.6 ± 11.4   68.4 ± 9.9 
  3 (36)   70.4 ± 10.5                     72.4 ± 8.2                                68.4 ± 13.3   71.2 ± 9.1 
  4 (42)   79.2 ± 6.0                      76.4 ± 8.4                                71.2 ± 7.8    67.6 ± 10.6

\% scores are out of 25 points.

^a^There was no significant difference in the scores of the passive math and active math groups on assessment questions delivered as a stand-alone quiz for any of the four introductory biology classes (two-sided *t* test, *p* = 0.72, 0.85, 0.54, and 0.15 for classes 1, 2, 3, and 4, respectively).

^b^There was no significant difference in the scores of the passive math and active math groups on assessment questions embedded in the final examination for any of the four introductory biology classes (two-sided *t* test, *p* = 0.26, 0.86, 0.51, and 0.20 for classes 1, 2, 3, and 4, respectively).

![Adding an interdisciplinary quantitative component to the biology curriculum did not adversely affect performance of first-year students on assessment questions. During a unit on the use of microarrays in biological research, biology students were given practice problems in which they focused on the broader concept of microarrays and their interpretation (passive math) or analyzed microarray data themselves by performing statistical computations (active math). Student performance on biological concepts and data interpretation was assessed twice within 2 wk. The first set of assessment questions was a stand-alone quiz, whereas the second set was integrated into a comprehensive final examination. Data presented in this figure represent the pooled data shown in [Table 2](#T2){ref-type="table"}. Using a two-sided *t* test there was no significant difference between how well the two groups performed on the quiz questions (*t* = 0.828, *p* = 0.409) or on the final examination questions (*t* = −0.213, *p* = 0.832). The results suggest that adding an intensive quantitative component did not negatively impact the students' ability to interpret data in a biological context. Decreased retention of the material between the quiz and the final as measured by paired *t* tests was significant for both groups (*p* \< 0.001). *N*: passive math = 78, active math = 81. Values on the *Y* axis represent percentages out of 25 points. Error bars indicate SD.](43fig3){#F3}

To test whether the addition of a computational component to the assignment had any effect on overall retention when the material was presented as part of a larger body of information, we pooled data for all sections and made a within-group comparison between scores on the stand-alone quiz and scores on the second set of assessment questions embedded within the final examination. Interestingly, both groups scored significantly lower on the embedded questions compared with the stand-alone questions (paired *t* tests; passive math: df = 78, *p* \< 0.001; active math: df = 81, *p* \< 0.001). Specifically, the passive math group scored 9.7% lower on the embedded questions as compared to the quiz, and the active math group scored 7.7% lower. Finally, although pooled data revealed that the active math group had a slightly higher score on the embedded questions than did the passive math group, this difference was not significant (unpaired *t* test, *p* \> 0.05).

Advanced Student Performance
----------------------------

We used a pre- and postassignment testing strategy as our experimental design to test if adding substantial mathematical and statistical computations negatively impacted the ability of advanced students to interpret biostatistical test results and understand the underlying biological concepts. This design was chosen because the small class sizes precluded us from splitting the sections into treatment and control groups. Thus, unlike our experiment with first-year students, knowledge of the advanced students was assessed before and after the assignment. As with the first-year students, assessment questions focused on biological concepts underlying microarray technology and the biological meaning of the statistical results ([Figure 2](#F2){ref-type="fig"}). When classes were analyzed separately, two of the three classes showed significantly higher scores following the assignment ([Table 3](#T3){ref-type="table"}; paired *t* tests, df = 11, 7, and 6, respectively; 2 of 3 yr with *p* \< 0.05). When the results of the 3 yr were pooled to generate a larger sample size, the results of our analysis suggested that the assignment significantly improved performance on the assessment questions ([Figure 4](#F4){ref-type="fig"}; paired *t* test; df = 26, *p* \< 0.05). Specifically, the combined scores of all three classes increased by 7.9% ([Figure 4](#F4){ref-type="fig"}). These results suggest that experience and practice with computations increased the ability of advanced students to use statistics as a way to better understand biological results and concepts.

###### 

Student scores (% ± SD) on assessment questions related to a microarray learning module for advanced students

  Class (*N*)   Premodule      Postmodule
  ------------- -------------- ----------------
  2007 (12)     77.2 ± 7.7     76.0 ± 8.9  
  2008 (8)      80.0 ± 12.3    88.9 ± 12.5^a^
  2009 (7)      71.4 ± 6.9     91.4 ± 7.0^a^ 

\% scores are out of 36 points.

^a^Significantly different, paired *t* test *p* = 0.044 for 2008 and *p* = 0.002 for 2009.

![An interdisciplinary computer module requiring students to calculate statistical problems by hand was an effective learning tool for advanced students. Students in an upper-level Plant Molecular Biology course were asked to perform statistical computations in a lab exercise after a lecture introduction to microarray analysis. They were tested on their overall understanding of the biological implications of microarray work before and after the exercise. Data represent the pooled data shown in [Table 3](#T3){ref-type="table"}. Results suggest that the assignment helped students effectively apply statistical data to interpret biological results and concepts. *N* = 27, *p* \< 0.05 for a two-sided, paired *t* test. Values on the *Y* axis represent percentages out of 35 points. Error bars indicate SD.](43fig4){#F4}

DISCUSSION
==========

Interdisciplinary teaching in general, and mathematical biology in particular, has been heralded as one of the best ways to improve student interest and learning, and has been advocated by educators and administrators alike (NRC, [@B25]; Bialek and Botstein, [@B7]; Robeva and Laubenbacher, [@B30]). Despite the great interest in integrating more mathematics and/or statistics into the biological sciences, few studies have addressed the question of whether this practice could negatively impact student acquisition of biological facts and concepts. Such a negative impact could result, for example, from a general overload of material if additional mathematical units are simply added without removing other aspects of the course. Another negative impact could be alienating or "turning off" students who have a tendency toward math anxiety. The present study aimed to provide empirical data to help answer this question in the context of a first-year biology course and an advanced biology course for majors.

One potential danger of including extensive statistical computations in first-year biology courses is that students might focus more on "getting the math right" than on understanding the biological concepts that the statistics are intended to inform, a phenomenon that could be magnified by anxiety about mathematics in general. Such a shift in focus could lead to students knowing what various statistical terms mean and how to perform basic tests, but lacking the ability to apply this knowledge to biological questions and concepts. Results from the present study suggest that supplementing biology instruction with mathematical and statistical computations in a first-year biology course does not negatively impact the ability of students to use statistics as a means to understand biological concepts. When faced with the question of how to study possible negative influences of math exposure on the ability of first-year students to learn biological concepts and apply statistical results to gain a deeper understanding of the biology, we did a side-by-side comparison of students' performance on an assignment related to microarray technique in which half of the students focused only on the application of statistical tools to specific biological questions and concepts and the other half performed extensive computations as part of the assignment ([Table 1](#T1){ref-type="table"}). Results from this experiment showed that both groups performed equally well on assessment questions related to interpreting biological microarray data with statistical tests ([Table 2](#T2){ref-type="table"}; [Figure 3](#F3){ref-type="fig"}). Stated differently, these results suggest that the students who spent a considerable amount of time learning how to perform statistical tests and thinking through the mathematical concepts underlying the analysis of microarrays were as well equipped to understand the biological concepts and data interpretation as were the students who learned the material in an assignment free of computations. These results are qualitatively similar to those of a recent study that tested the effect of "learning communities" on student performance in math and biology (Arnett and Van Horn, [@B3]). This study (Arnett and Van Horn, [@B3]) compared students who took an integrative two-course module in introductory biology and algebra, analogous to our active math group, with students who took separate nonintegrative courses in the two subjects, analogous to our passive math group. Consistent with the results of our work, the authors reported that overall student performance, measured largely by subject tests in biology, was not different between the students in the two groups (Arnett and Van Horn, [@B3]).

When we tested first-year students on the content of the microarray unit for the second time approximately a week after the first test, the scores of both groups dropped significantly by approximately the same amount in each experimental group ([Figure 3](#F3){ref-type="fig"}). There are at least three possible explanations for this decline: 1) Students may have simply forgotten facts and skills between the two sets of assessment questions, 2) comprehensive finals could affect recall of specific information from the microarray unit, or 3) end-of-the-semester units may be generally less effective due to time constraints. Regardless of the reason for the drop in scores, the fact that both groups showed a similar decrease in their performance on the assessment questions suggests that adding a mathematical component to the exercise had no bearing on retention of the material. Determining whether the timing of the module within a course has any influence on overall retention of the material on the final examination would be valuable in a broader sense when deciding when to present any type of challenging and unfamiliar material to first-year students.

Our results for first-year students suggest that integrating a computational component into biological instruction did not affect, either positively or negatively, student performance on follow-up assessment questions. On the surface, neither positive nor negative effect could lead to the conclusion that the only benefit of integrating quantitative work into this unit was that it enabled students to practice mathematical skills in the context of a biological question. It is possible, though, that an additional benefit was realized in the form of increased receptivity to mathematics and statistics in future biology courses. Indeed, in a different study, students taking an integrated course in biology and mathematics were more positive toward mathematics, both as a separate discipline and as part of biology instruction, than were students taking separate courses in mathematics and biology (Arnett and Van Horn, [@B3]). Similar responses have been found among students who participate in "learning communities," where student cohorts coenroll in two or more courses (Lenning and Ebbers, [@B21]). Applying what is learned in one context to a different situation in a different context has also been shown to deepen a student\'s understanding (Bransford *et al.*, [@B8]) and engagement (Zhao and Kuh, [@B34]) with the subject. It is also possible that merely the integration of mathematics into a multidisciplinary context alleviated some math anxiety in students who might otherwise have shown signs of anxiety. Finally, studies have demonstrated that both self-paced learning and distance education contribute to reducing math anxiety (Iossi, [@B17]). Thus, the fact that we implemented our module as a self-paced take-home assignment to first-year students may positively influence the receptivity of these students to mathematics in future courses.

Incorporating attitudinal assessments in future studies would help determine if there are similar, less tangible benefits of integrating math and statistics into biology course work. Increased receptivity to mathematics might increase retention in students majoring in biology, and ultimately help shape their career path. To assess such less tangible benefits, one could use questionnaires asking about interest in (or fear of) math before and after the study. Such tests have been developed and used in the past (Suinn and Winston, [@B31]). Analysis of attitudinal changes after the use of an interdisciplinary learning tool could inform the future development of interventional teaching modules with respect to specific target groups for whom such studies would be most or least beneficial. Finally, comparing the attitudes and reactions of students who were exposed to the module as a self-paced take-home assignment versus one delivered in class would provide valuable information about how best to administer the module to achieve the desired pedagogical goals.

In contrast to the results for first-year students, results for advanced students in our study showed that the addition of a quantitative component tended to improve student performance on questions related to biological concepts and the statistical interpretation of microarray data ([Table 3](#T3){ref-type="table"}; [Figure 4](#F4){ref-type="fig"}). At least three factors could help explain the different results between first-year and advanced students. First, it is possible that advanced students have an overall lower level of anxiety toward learning mathematics and statistics than do first-year students, a factor that could lead to the boost in learning seen in advanced students (Sutarso, [@B32]). Because of the structure of the curriculum, advanced students in this study had all completed a year of chemistry and 2 yr of biology, and are likely to have completed a year of math (or the equivalent through Advanced Placement credit). Exposure to mathematics and statistics in these courses means that they have taken more mathematics by the time they enrolled in advanced biology courses, a factor which is likely to reduce math anxiety. Second, advanced students, to a large extent, also have been self-selected for their ability and propensity to learn biology. Finally, advanced students are further along in their academic careers, suggesting that they are less intimidated by new, complex material and are more skilled at studying relevant material. Collectively, these factors could contribute to making advanced students better able to absorb, assimilate, and apply new biostatistical facts and concepts, even when presented in the context of relatively complex statistics. Future studies that systematically test how prior exposure to mathematics contributes to reducing math anxiety would provide important information for curricular design and decision making.

Differences observed between first-year and advanced students could also partly result from the differences in experimental design. Because of the much smaller class size in the advanced course, we could not perform a side-by-side comparison of control versus experimental groups. Instead, we opted for a pre- and posttreatment design, in which the treatment was the computer-based statistics exercise. Even though the advanced students performed the exercise during a scheduled lab, the independent nature of the exercise (see *Methods* section) makes it unlikely that the improvement was due to the professor\'s presence. It is, of course, possible that the improved posttreatment performance would have resulted from any additional exposure to the material, regardless of whether it was presented as dictated by the learning module. Even if this were the case, however, we can still conclude that the addition of the statistics-intensive computer exercise did not have a negative impact on the students' learning of the biological and biostatistical concepts and data interpretation related to microarrays.

SUMMARY
=======

In summary, our results suggest that our module integrating more mathematics and statistics into biology courses did not have a negative effect on the performance of first-year students and can help more advanced students gain a better understanding of underlying biological principles and concepts. Although our results for first-year students do not support the findings of many studies showing that interdisciplinary learning leads to an overall gain in aptitude, it has to be stressed that we assessed performance only on material that was common to the assignments in both groups (i.e., material related to biostatistical concepts and data interpretation in the context of biology). It is likely that students in the active math group learned additional quantitative skills, but learning or retention of those skills was not assessed in our study because such a test would clearly have put the students in the passive math group at a disadvantage. Given that our study did suggest differences between first-year and advanced students, future investigations into the impact of how integrating quantitative work into biology curricula affects the learning of biological material should continue to study students at different academic levels. The present study also serves to highlight at least three important questions in need of further investigation. 1.How does integrating quantitative work into traditional biology curricula influence a student\'s subsequent attitudes toward mathematics and statistics? Attitudinal surveys administered at various time points following exposure would help address this question. Several math attitude tests exist that could be customized for this purpose (e.g., those presented or mentioned in Aiken, [@B1]; Sutarso, [@B32]; Mills, [@B23]; Evans, [@B14]).2.Does implementing a particular quantitative exercise as an in-class exercise versus a self-paced take-home assignment lead to differences in performance on the biological elements and/or attitudes toward the quantitative elements? These questions could be approached by assessing outcomes and attitudes in a given course taught by the same professor over a number of years, with the exercise given as an in-class exercise one year and as a take-home assignment the next year.3.Does prior curricular exposure to mathematics and/or statistics lead to differences in learning outcomes resulting from interdisciplinary exercises? Addressing this question would require a thorough analysis of each student\'s high school and college transcript. In this context, it would also be valuable to assess not only the impact of prior exposure (merely taking a course) but also a student\'s aptitude (what grade was earned?). In this way, it would be possible to distinguish between the impact of exposure and the impact of aptitude on learning outcomes and overall attitudes resulting from embedding more quantitative learning tools into biology course work.

If the results of our study can be generalized, class work integrating more data interpretation and underlying mathematical concepts into biology courses may thus offer students additional insights and possibly provide a path to the "extra sense" Darwin wished he had developed.
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